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A great deal of change in diet and lifestyle has occurred these last decades in most 
areas of the world, among which significant increase in caloric intake and decrease in 
exercise (1). The alterations in triglyceride (TG) and lipoprotein metabolism are 
transitory and usually last from 6 to 8 h after ingestion of a fatty meal in human (2). Due 
to frequent ingestion of such meal, individuals spend the majority of the day in the fed 
state. The state of rapid increase in plasma TG levels or the prolonged state of high 
plasma TG levels after fatty meal ingestion is called “postprandial hyperlipidemia”. 
Several changes as above have occurred simultaneously with a rise in metabolic 
diseases, such as obesity, metabolic syndrome, and diabetes, that are risk factors of 
atherosclerosis and cardiovascular diseases. Therefore, many studies have suggested 
that the development of these pathologies could be associated with postprandial 
hyperlipidemia (3-5), even in patients without fasting hyperlipidemia (6).  
Since Zilversmit first proposed that the postprandial chylomicron is the most 
common risk factor for atherogenesis over 30 years ago (7), several studies have shown 
that TG-rich lipoproteins (TRLs) and their remnants are significantly increased in 
postprandial plasma and are known to predict the risk of cardiovascular disease (CVD) 
(8, 9), independent of the total cholesterol, LDL or HDL cholesterol level. Recently, 
non-fasting TG levels have come to be known as a significant risk indicator for CVD 
events (10, 11). Iso, H. et al have reported that non-fasting serum TGs predict the 
incidence of coronary heart disease among Japanese men and women who possess low 
mean values of total cholesterol (12). Additionally, numerous prospective case-control 
studies have qualitatively established postprandial TG as a risk factor for CVD (13). 
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Dramatic postprandial hyperlipidemia is frequently associated with a number of 
impaired metabolic processes, including changes of activity of enzymes involved in 
processing of TRLs, uptake of TRLs and remnants by peripheral tissue, and synthesis 
and secretion of lipoproteins from the small intestine and the liver. These abnormalities 
are well recognized to be disturbed by genetic factors, obesity, and insulin resistance 
(14). In addition, it is also well known that the postprandial TG response is influenced 
by both the amount and type of dietary fat given in a meal. Dietary and lifestyle 
modifications are thought to be the cornerstone of clinical management of postprandial 
hyperlipidemia. A combination of diet modification and drug therapy may also be 
considered to be the first-line lipid-regulating therapy on the basis of the 
well-characterized efficacy and safety profiles of it. However, it is noteworthy that there 
are no existing specific therapeutic targets for postprandial hyperlipidemia. Therefore, 
elucidation of specific therapeutic targets for it and screening of food-derived effective 
compounds are needed. 
After a fatty meal is ingested, the small intestine is directly exposed to dietary TGs, 
which are hydrolyzed by the enzyme pancreatic lipase to free fatty acids and 
monoglycerides. They are then absorbed in intestinal epithelial cells and transported to 
the endoplasmic reticulum for resynthesis of TGs. Chylomicron assembled with 
resynthesized TG and apolipoprotein (apo) B-48 is secreted into the circulation via 
lymph vessels. ApoB-48 is the constituent protein of chylomicron and reflects the 
number of circulating particles of chylomicrons and their remnants (15). Then, 
chylomicron is hydrolyzed by lipoprotein lipase (LPL) producing a chylomicron 
remnant particle, and is in turn cleared by the liver. Thus, the small intestine plays an 
important role in uptake of fatty acids into the body. Therefore, reduction in 
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chylomicron secretion via the control of lipid metabolism in intestinal epithelial cells 
could improve postprandial hyperlipidemia.  
This study aimed to elucidate whether PPARα activation affects lipid metabolism in 
intestinal epithelial cells, which attenuates postprandial hyperlipidemia. In chapter 1, it 
was revealed that PPARα activation induces fatty acid oxidation in intestinal epithelial 
cells, which attenuates postprandial hyperlipidemia. In chapter 2, it was found that 
intestinal PPARα activation increases fatty acid oxidation and reduces postprandial 
hyperlipidemia in obese diabetic condition. In chapter 3, it was elucidated that 
docosahexaenoic acid (DHA) enhances fatty acid oxidation in intestinal epithelial cells, 
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Studies on effects of PPARα activation on intestinal lipid metabolism 





Peroxisome proliferator-activated receptor (PPAR)-α is involved in regulation of 
lipid metabolism including fatty acid oxidation in various peripheral tissues such as the 
liver and skeletal muscle (1). PPARα is among nuclear receptors that are 
ligand-dependent transcriptional factors inducing mRNA expression of target genes (2). 
PPARα activation enhances fatty acid oxidation by inducing mRNA expression of fatty 
acid oxidation-related genes such as acyl-CoA synthetase (Acs), 
carnitine-palmitoyl-transferase-1a (Cpt1a), and acyl-CoA oxidase (Aox) (2, 3). The 
PPARα-dependent enhancement of fatty acid oxidation decreases the levels of 
circulating and accumulated lipids. This is why synthetic PPARα agonists such as 
fibrates have been widely used as anti-hyperlipidemic drugs (4). We have identified and 
analyzed food-derived compounds that activate PPARα (5-8). These compounds 
decrease the amounts of lipids accumulated in hepatocytes in vitro and prevent 
development of fatty liver in vivo. Moreover, we have reported that fatty acid oxidation 
in adipocytes is induced by PPARα activation, thereby reducing lipid accumulation in 
adipocytes (9). Therefore, PPARα activation is considered to be effective for prevention 
and improvement of dyslipidemia. 
High serum lipid levels under fasting conditions have been considered a risk of 
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cardiovascular diseases (10). However, many studies have revealed that serum lipid 
levels under postprandial conditions, rather than under fasting conditions, strongly 
correlate with the risk of cardiovascular diseases (11). After absorption of triglycerides 
(TGs) in intestinal epithelial cells, resynthesized TGs are assembled into chylomicrons 
together with apolipoprotein B (apoB), which is the main apolipoprotein of 
chylomicrons and reflects the number of circulating particles of chylomicrons and their 
remnants (12). The chylomicrons assembled in intestinal epithelial cells are transported 
into the circulation via the lymphatics (13). Therefore, regulation of intestinal lipid 
metabolism could prevent the unusual increase in plasma lipid levels in postprandial 
state. 
In this study, we examined whether PPARα activation in intestinal epithelial cells 
could enhance intestinal fatty acid oxidation, which attenuates postprandial 
hyperlipidemia. Treatment with Bezafibrate, a synthetic PPARα agonist, increased the 
mRNA expression levels of fatty acid oxidation-related genes and oxygen consumption 
rate (OCR), and decreased TG secretion into the basolateral side in Caco-2 cells. 
Moreover, administration of Bezafibrate also enhanced fatty acid oxidation in intestinal 
epithelial cells and attenuated postprandial hyperlipidemia via PPARα activation in 
high-fat diet (HFD)-fed mice. These findings indicate that PPARα activation in 
intestinal epithelial cells results in attenuation of postprandial hyperlipidemia via 
enhancement of fatty acid oxidation by PPARα activation, suggesting that intestinal 
fatty acid oxidation is a novel target of PPARα treatment for prevention and 





MATERIALS AND METHODS 
Chemicals and cell culture 
Bezafibrate was purchased from Sigma (MO, USA) and dissolved in DMSO as a 
stock solution. All other reagents were from Sigma or Nacalai Tesque (Kyoto, Japan) 
and were guaranteed to be of reagent or tissue- culture grade. 
Human Caco-2 cells were purchased from American Type Culture Collection 
(ATCC) and cultured in DMEM (100 mg/dL glucose) containing 10% FBS, 1% 
nonessential amino acid solution, and 10 mg/mL penicillin/streptomycin at 37 °C in 5% 
CO2/95% air under a humidified condition. After seeding, Caco-2 cells were seeded at a 
density of 1.12×10
6
 cells/mL on 12-well Transwell 
®
 plates (Corning Inc., MA, USA) 
for 2 weeks for differentiation into intestinal epithelial-like cells. For the evaluation of 
differentiation of Caco-2 cells, we measured intestinal alkaline phosphatase activity and 
transepithelial electrical resistance (TER). There was no significant change in these 
differentiation markers in all experiments (data not shown). Twenty-four hours before 
starting the experiments, apical medium was changed to DMEM containing 50 μM 
Bezafibrate, 600 μM taurocholic acid Na salt hydrates, and 500 μM oleic acid. At the 
same time, basolateral medium was also changed to serum-free DMEM. For apoB and 
TG measurements, basolateral medium was collected. 
 
Animal experiments 
Nine-week-old male C57BL/6 mice were purchased from CLEA Japan (Tokyo, 
Japan). The mice were maintained under a constant 12-h light/dark cycle. The mice 
were maintained for 1 week on a standard diet and then divided into two groups with 
the same average body weight and plasma TG level. Each group was maintained on 
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HFD consisting of 60% (kcal%) fat or HFD containing 0.2% (w/w) Bezafibrate for 1 
week. The energy intake of all the mice was adjusted by pair feeding. Thus, the levels of 
food intake of each group were almost the same (average food intakes were 2.88 ± 0.18 
and 2.60 ± 0.17 g/day in the control HFD-fed and 0.2% Bezafibrate-fed mice, 
respectively).  
To clarify whether the effects of Bezafibrate on intestinal lipid metabolism and 
postprandial hyperlipidemia involves PPARα activation, we used PPARα-/- mice with a 
C57BL/6 genetic background. PPARα-/- mice were fed HFD for 1 week, and were then 
divided into two groups with the same average serum TG level and body weight after 16 
h fasting. Ten-week-old male PPARα-/- mice were maintained for 1 week either on HFD 
or HFD containing 0.2% Bezafibrate. 
For measurement of gene expression using real-time quantitative RT-PCR, proximal 
1/4 of the intestine was harvested from mice. After washing twice with cold PBS, 
intestinal epithelial cells were collected with a slide glass. The collected cells were 
stored in RNAlater (Ambion/Applied Biosystems, TX, USA) at −80 °C until use.  
For measurement of fatty acid oxidation, intestinal epithelial cells were collected 
from the proximal 1/4 of the intestine and incubated in 1 mg/mL collagenase IA/HBSS 
for 40 min. The collected intestinal epithelial cells were washed with 1% FBS/DMEM 
three times and used for experiments.  
For measurement of plasma TG concentration, blood samples were collected from 







Total RNA samples were prepared from Caco-2 cells and intestinal epithelial cells 
using Sepasol Super-I (Nacalai Tesque) and an SV total RNA isolation system (Promega, 
WI, USA), respectively, as previously described (14). To quantify mRNA expression, 
PCR was performed using a fluorescence temperature cycler (LightCycler System: 
Roche Diagnostics, Mannheim, Germany), as described previously (15). Primer sets 
were designed using a PCR primer selection program at the web site of the Virtual 
Genomic Center from the GenBank database and the sequences were described in our 
previous reports (5, 6). Primers used in this experiment are listed in Table 1. To compare 
mRNA expression level among samples, the copy number of each transcript was 
divided by that of 36B4 showing a constant expression level. All mRNA expression 
levels are presented as the percentage of the control in each experiment.  
 
 
Oxygen consumption rate in Caco-2 cells 
Oxygen consumption rate (OCR) indicative of mitochondrial respiration was 
determined using an XF24 Extracellular Flux Analyzer (Seahorse Bioscience, MA, 
USA). The XF24 device created a transient 7 μl chambers above target cells in which 
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cells were monitored in real-time as previously reported (16). Caco-2 cells were 
cultured for 2 weeks on the customized Seahorse 24-well plates (Seahorse Bioscience, 
MA, USA). Differentiated Caco-2 cells were incubated in pre-warmed XF24 assay 
medium for 1 h. The assay media consisted of DMEM supplemented with 2 mM 
l-glutamine, 1 mM sodium pyruvate, 1.9 g/L NaCl, and 25 mM glucose was added to 
each well. After equilibration for 30 min, 2-min measurements were performed at 3-min 
intervals with inter-measurement mixing to homogenize the oxygen in the medium. 
OCR (pmol/min) was divided by protein amount in each well. 
 
Fatty acid oxidation in intestinal epithelial cells 
The intestinal epithelial cells harvested from the control or HFD containing 
Bezafibrate-fed mice were incubated in DMEM containing 200 μM palmitic acid, 0.1% 
fatty-acid-free BSA, 200 μM l-carnitine, and [14C] palmitic acid (1 μCi) (American 
Radiolabeled Chemicals, MO, USA) for 2 h. Fatty acid oxidation products were 
assessed as previously described (9) with modification. Briefly, the labeling medium 
containing intestinal epithelial cells was transferred to a 50-mL polypropylene tube. An 
uncapped 2-mL sample tube containing a piece of filter paper soaked in 3 N NaOH was 
placed inside a 50-mL sample tube. After the tube was sealed, 200 μl of 12 N HCl was 
added to the medium sample to release [
14
C]-CO2. The tube was then incubated at 37 °C 
for 24 h. The saturated filter paper containing trapped [
14
C]-CO2 was assessed for 
radioactivity in a liquid scintillation counter (LS6500, Beckman Coulter, CA, USA). 
The acidified medium was centrifuged and 200 μL of supernatant was assessed for the 
amount of [
14
C]-labeled acid soluble metabolites, which include labeled ketone bodies. 




Western blotting was carried out as previously described (14, 15). Briefly, proteins 
samples extracted from intestinal epithelial cells were subjected to SDS-PAGE on a 
10% gel. Separated proteins were transferred electrophoretically to polyvinylidene 
fluoride (PVDF) membranes (Millipore Corporation, Billerica, MA, USA), which were 
blocked with 5% non-fat dried milk in phosphate-buffered saline (PBS). The 
membranes were incubated with anti-mouse AOX antibody (Abcam, MA, USA) and 
anti-mouse -actin (Cell Signaling Technology, MA, USA), respectively, and then with 
peroxidase-conjugated anti-rabbit IgG antibodies (Santa Cruz Biotechnologies, Santa 
Cruz, CA, USA). Protein bands were detected by chemiluminescence using an 
enhanced chemiluminescence (ECL) system (NEN Lifescience Products) in accordance 
with the manufacturer’s instructions. The bands were quantitatively evaluated using 
National Institutes of Health (NIH) Image J software. 
 
TG concentration in Caco-2 cells and in mice   
To measure postprandial plasma TG and TG secretion from intestinal epithelial cells 
in mice, mice were injected without or with 0.5g/kg body weight Tyloxapol (T0307, 
Sigma) into the intraperitoneal cavity to block serum lipase activity, respectively. After 
30 min, mice were administered an oral gavage of 300 μl olive oil and plasma collected 
up to four hours post-gavage. For measurement of secreted TG levels in Caco-2 cells 






ApoB secretion in Caco-2 cells and in mice   
For measurement of apoB amount in Caco-2 cells, ELISA was performed using an 
anti-human low-density lipoprotein APO-B antibody (Clone 12G10; Monosan, Uden, 
Netherland), affinity purified anti-apolipoprotein B (Rockland, PA, USA), and 
HRP-conjugated anti-goat IgG (Promega) as the capture, primary, and secondary 
antibodies, respectively. Details of procedures were previously described (17). HRP 
activity was detected using TMB peroxidase substrate (KPL, MD, USA). Purified 
human very low-density lipoprotein (VLDL; Chemicon Millipore, MA, USA) was used 
as the standard protein.  
To measure postprandial plasma apoB48 in mice, western blotting was carried out as 
above. Briefly, plasma was mixed with Laemmli Sample buffer (Bio-Rad) (1:8) and 
boiled for 5 min at 95°C. Plasma samples were subjected to SDS-PAGE on a 5% gel, 
and were transferred to PVDF membranes, which were blocked with 5% non-fat dried 
milk in PBS. The membranes were incubated with anti-mouse apoB48/100 antibodies 
(Meridian Life Science, Memphis, TN, USA), and then with peroxidase-conjugated 
anti-rabbit IgG antibodies.  
 
Statistical analysis 
The data were presented as means ± S.E.M. and statistically analyzed using one-way 
ANOVA when their variances were heterogeneous and unpaired t-test. Differences were 







Bezafibrate increased fatty acid oxidation and decreases TG and apoB secretion in 
Caco-2 cells 
To examine the effects of PPARα activation on intestinal epithelial cells, we first 
performed in in vitro experiments using Caco-2 cells. Differentiated Caco-2 cells treated 
with 50 μM Bezafibrate for 24 h showed significant increases in mRNA expression 
levels of fatty acid oxidation-related genes such as Acs, Cpt1a, and Aox, as shown in Fig. 
1A. In addition, oxygen consumption rate (OCR) was significantly increased by 
Bezafibrate treatment (Fig. 1B). These findings indicate that Bezafibrate treatment 
increased fatty acid oxidation in Caco-2 cells. Under the same conditions, secretions of 
TG and apoB, which is a component of chylomicrons that transport food-derived lipids, 
into the basolateral side of Transwell
®
 plates were decreased by Bezafibrate treatment 
(Fig. 1C, D). Bezafibrate did not increase TG accumulation in Caco-2 cells (data not 
shown). These findings suggest that enhancement of fatty acid oxidation by PPARα 

















Fig. 1  Bezafibrate increases fatty acid oxidation and decreases TG and apoB secretion in Caco-2 cells  
(A) mRNA expression levels of fatty acid oxidation-related genes (Acs, Cpt1a, and Aox) in Caco-2 cells 
treated with 50 μM Bezafibrate for 24 h. The copy number of each transcript was divided by that of 36B4 for 
normalization. (B) Oxygen consumption rate (OCR), (C) TG and (D) apoB secretion in Caco-2 cells treated 
with 50 μM Bezafibrate for 24 h, as described in the “MATERIALS AND METHODS” section. The value of 
a vehicle control was set at 100% and relative value is presented as fold induction compare with that of the 
vehicle control. The values are means ± S.E.M. of 6 samples. *P < 0.05 and **P < 0.01 compared with each 
vehicle control. 
A 
B C D 
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Bezafibrate enhanced fatty acid oxidation in intestinal epithelial cells of mice 
To examine the in vivo effects of PPARα activation on intestinal fatty acid oxidation, 
C57BL/6 mice were fed HFD containing 0.2% Bezafibrate for 1 week. Bezafibrate 
increased in mRNA expression levels of fatty acid oxidation-related genes such as Acs, 
Cpt1a, and Aox in intestinal epithelial cells, as shown in Fig. 2A. Protein expression 
level of intestinal AOX was increased in mice fed HFD containing 0.2% Bezafibrate, as 
shown in Fig. 2B. Measurements of fatty acid oxidation using [
14
C]-labeled palmitic 
acid revealed that productions of CO2 and acid soluble metabolites (ASM), which are 
products of fatty acid oxidation including ketone bodies, were increased in intestinal 
epithelial cells of mice fed HFD containing 0.2% Bezafibrate (Fig. 2C, D). These 
findings indicate that Bezafibrate feeding for 1 week enhances fatty acid oxidation in 




Fig. 2 Bezafibrate increases 
fatty acid oxidation and 
decreases TG and apoB 
secretion in C57BL/6 mice  
(A) mRNA expression levels 
of fatty acid oxidation-related 
genes (Acs, Cpt1a, and Aox), 
(B) protein levels of Aox, and 
the production of CO2 (C) 
and acid soluble metabolites 
(ASM) (D) in intestinal 
epithelial cells of C57BL/6J 
mice fed HFD containing 
0.2% Bezafibrate for 1week, 
as described in the 
“MATERIALS AND 
METHODS” section. The 
value of a vehicle control was 
set at 100% and relative 
value is presented as fold 
induction compare with that 
of the vehicle control. The 
values are means ± S.E.M. of 
8 mice. *P < 0.05 and **P < 




Bezafibrate reduced TG secretion from intestinal epithelial cells and attenuated 
postprandial hyperlipidemia in mice 
To study the effects of Bezafibrate-induced enhancement of fatty acid oxidation on 
postprandial hyperlipidemia, plasma TG concentration was measured after oral 
administration of olive oil (300 μL/mouse). After 16 h fasting to decrease basal TG 
concentration, olive oil was orally administered and plasma TG concentration was 
determined every 30 min after the administration. The plasma TG concentrations were 
lower in Bezafibrate-fed mice than in control mice throughout the experimental periods 
as shown in Fig. 3A. Initial peaks of plasma TG concentration 90 min after the 
administration were 198 and 91.9 mg/dl in the control and Bezafibrate-fed mice, 
respectively. Area under the curve (AUC) of plasma TG concentration in 
Bezafibrate-fed mice was smaller than that in control mice (Fig. 3B) The levels of 
plasma apoB48 were also decreased in Bezafibrate-fed mice (Fig. 3C). In addition, to 
investigate the effects of Bezafibrate on TG secretion from intestinal epithelial cells, 
plasma TG concentration was measured in mice that had been administered Tyloxapol, 
which is a TG clearance inhibitor, after oral administration of olive oil (300 μL/mouse). 
Plasma TG concentrations were decreased from 120 min after olive oil administration in 
mice fed HFD containing 0.2% Bezafibrate (Fig. 3D). The findings suggest that 
Bezafibrate-induced enhancement of fatty acid oxidation decreases TG secretion from 











Fig. 3 Bezafibrate attenuates 
postprandial hyperlipidemia 
in C57BL/6 mice. 
(A) Plasma TG concentration, 
(B) area under the curve (AUC) 
and (C) plasma apoB48 after a 
300-l olive oil administration 
in C57BL/6J mice fed HFD 
containing 0.2% Bezafibrate for 
1week. (D) Plasma TG 
concentration after a 300-l 
olive oil administration in HFD 
containing 0.2% Bezafibrate fed 
mice, that had been 
administered 500 mg/kg 
Tyloxapol, which is a TG 
clearance inhibitor, as described 
in the “MATERIALS AND 
METHODS” section. The 
values are means ± S.E.M. of 
6-8 mice. *P < 0.05 and **P < 







Bezafibrate did not enhance intestinal fatty acid oxidation, reduce TG secretion from 
intestinal epithelial cells and attenuate postprandial hyperlipidemia in PPARα-/- mice 
To elucidate whether the effects of Bezafibrate on intestinal fatty acid oxidation and 
postprandial hyperlipidemia in mice as above, were via the activation of PPARα, 
PPARα-/- mice were fed HFD containing 0.2% Bezafibrate for 1 week. Bezafibrate did 
not increase the mRNA expression levels of genes involved in fatty acid oxidation such 
as Acs, Cpt1a, and Aox in intestinal epithelial cells of PPARα-/- mice, as shown in Fig. 
4A. Bezafibrate did not reduce plasma TG concentration in PPARα-/- mice after olive oil 
administration compared to control PPARα-/- mice (Fig. 4B). In addition, Bezafibrate 
did not decrease TG and apoB48 secretion from intestinal epithelial cells after olive oil 
administration in PPARα-/- mice that had been administered Tyloxapol (Fig. 4C, D). The 
findings suggest that enhancement of intestinal fatty acid oxidation by Bezafibrate 
decreases TG and apoB secretion from intestinal epithelial cells, which attenuates 



























Fig. 4  Effects of Bezafibrate on postprandial lipid metabolism were abolished in PPARα-/- mice 
(A) The mRNA expression levels of genes involved in fatty acid oxidation in intestinal epithelial cells 
of PPARα-/- mice fed HFD containing 0.2% Bezafibrate for 1week. (B) Plasma TG after a 300-l olive 
oil administration in PPARα-/- mice fed HFD containing 0.2% Bezafibrate for 1week. (C) TG and (D) 
apoB48 secretion from intestinal epithelial cells after a 300-l olive oil administration in HFD 
containing 0.2% Bezafibrate fed PPARα-/- mice, that had been injected Tyloxapol (0.5 g/kg body 
weight), as described in the “MATERIALS AND METHODS” section. The values are means ± 








Hyperlipidemia is considered to be a risk factor for cardiovascular diseases (10, 11). 
The liver mainly regulates circulating amounts of lipids under normal conditions 
through uptake and production of lipoproteins. However, under postprandial conditions, 
lipid absorption into and transport from intestinal epithelial tissue are important for 
regulating serum lipid levels. Postprandial serum lipid levels have been shown to have a 
stronger positive correlation with coronary artery disease than the fasting serum lipid 
levels (11). Therefore, reduction of postprandial serum lipid levels is effective for 
prevention of cardiovascular diseases. For prevention of absorption of dietary lipids, 
pancreatic lipase inhibitors have been used (18, 19). Orlistat, a pancreatic lipase 
inhibitor used for the treatment of obesity, is an effective drug reducing lipid absorption 
via intestinal epithelial cells and preventing weight gain in the treatment of obesity in 
the primary care setting. However, such inhibition of pancreatic lipase causes fecal 
urgency, oily spotting, and fatty/oily stool (20). Our present study indicates that 
enhancement of fatty acid oxidation in intestinal epithelial cells attenuates postprandial 
hyperlipidemia via PPARα activation in mice. There has been no report showing such 
fecal side effects in the case of PPARα agonist administration. Therefore, the present 
study suggests a possibility that enhancement of fatty acid oxidation by PPARα 
activation is a novel target for prevention of cardiovascular diseases. 
We have demonstrated that many food-derived compounds function as PPARα 
agonists with anti-diabetic and anti-hyperlipidemic effects in various tissues such as the 
liver and skeletal muscle (5-8, 21). Therefore, food-derived compounds with PPARα 
activity could enhance fatty acid oxidation in intestinal epithelial cells, which could 
reduce postprandial hyperlipidemia and lipid accumulation in the liver and skeletal 
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muscle in mice, although further investigations are needed to elucidate the contribution. 
Natural compounds activating PPARα generally show lower activities than synthetic 
agonists such as Bezafibrate (22). This is because natural compounds are transformed 
into metabolites that have much lower effects in the liver before entering the 
whole-body circulation. In this sense, the intestinal effects of natural compounds before 
being metabolized in the liver are very significant when considering the functions of 
food-derived compounds. The present study could shed light on importance of intestinal 
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Studies on effects of PPARα activation on intestinal fatty acid 





Several changes in human nutrition have occurred these last decades in most parts of 
the world, among which a significant increase in caloric intake and an increase in 
saturated fatty acid intake (1). These changes occurred simultaneously with a rise in 
metabolic diseases, such as obesity, metabolic syndrome, and diabetes, that are risk 
factors of atherosclerosis and cardiovascular diseases. Several studies have established 
that lipid metabolism is impaired in metabolic diseases. For example, hepatic fatty acid 
synthesis is enhanced under diabetic conditions, so that triglyceride (TG) accumulates 
in hepatocytes leading to the development of fatty liver, increasing the risk of 
cardiovascular diseases (2, 3). Therefore, it is crucial for preventing cardiovascular 
diseases associated with diabetes and obesity, to improve dyslipidemia, particularly to 
decrease fasting serum TG level, which has been considered to be a risk of 
cardiovascular diseases (4). However, it has recently been demonstrated that 
postprandial TG level is associated with the risk more than fasting serum TG level (5). 
Therefore, regulation of postprandial hyperlipidemia is thought to be important for 
prevention of cardiovascular diseases. 
Peroxisome proliferator-activated receptor (PPAR)-α is a member of the nuclear 
receptor superfamily, which is activated by small hydrophobic compounds such as fatty 
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acid and its derivatives (6). PPARα is expressed in peripheral tissues with a high 
potential of lipid metabolism including the liver and skeletal muscle, whose activation 
enhances fatty acid oxidation and decreases circulating TG level (7, 8). Hence, synthetic 
PPARα agonists such as fibrates are used for hypolipidemic drug. Interestingly, our 
recent work has demonstrated that PPARα is expressed in white adipose tissues (WATs), 
which have been thought to be a lipid storage organ, and enhances fatty acid oxidation 
to regulate energy homeostasis (9). Therefore, PPARα is thought to be very effective for 
managing obese conditions. However, obesity reduces PPARα expression level in WATs 
and the small intestine, so that the anti-obese effect of PPARα is reduced under obese 
conditions (9, 10). Although the molecular mechanism of the reduction of PPARα 
expression in obesity remains unknown, it is possible that even decreased PPARα 
activities improves dyslipidemia in obese conditions. 
The small intestine is exposed to amount of orally ingested substances in postprandial 
state. Amounts of TG and fatty acid absorbed in our bodies affect the development of 
cardiovascular diseases (11, 12). After the absorption of lipid, chylomicrons assembled 
together with resynthesized TG and apolipoprotein B in intestinal epithelial cells, are 
transported into circulation via lymph vessels (13). Therefore, regulation of intestinal 
lipid metabolism could have a great impact on plasma TG level via control of 
chylomicron production. We and others have shown that PPARα activation in intestinal 
epithelial cells attenuates postprandial hyperlipidemia by enhancing fatty acid oxidation 
(14, 15). However, it is unclear whether the effects of intestinal PPARα activation on 
postprandial hyperlipidemia are observed under obese conditions. In the present study, 
we elucidated effects of intestinal PPARα activation on postprandial hyperlipidemia in 
KK-Ay mice, which are obese diabetic model mice. Dietary fat is known to be absorbed 
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in the jejunum, in well-differentiated intestinal epithelial cells located in the upper 2/3 
of the villi under normal condition (16). A high-fat diet/meal may trigger an overflow of 
dietary fat absorption capacity in proximal part of intestine and thus trigger the 
recruitment of distal part of the intestine for their absorption (17, 18). In addition, Pparα 
are highly expressed in a wide range of small intestine (19). Therefore, it is unknown 
where Pparα could affect postprandial hyperlipidemia in the small intestine. Therefore, 
we examined the contribution of Pparα in proximal and distal intestine to postprandial 
lipid metabolism. 
 
MATERIALS AND METHODS 
Animal and diet 
Male KK-Ay mice, a useful model of obesity and diabetes (20), were purchased from 
CLEA Japan (Tokyo, Japan). The mice at 7 weeks of age were bred for a week under 
high-fat diet (HFD) consisting of 60% (kcal%) fat -fed conditions for habituation. Their 
plasma glucose level was 557.3 ± 18.2 mg/dl, indicating diabetic conditions. The mice 
were kept in individual cages in a temperature-controlled room at 24 ± 1
o
C and 
maintained under a constant 12-h light/dark cycle. All the animal experiments were 
approved by Kyoto University Animal Care Committee (approval ID: No. 22-53). The 
KK-Ay mice (8 weeks old) were divided into two groups by average body weight and 
serum TG level after the habituation. Each group was maintained on 60% HFD or HFD 
containing 0.2% (w/w) Bezafibrate for a week. The energy intake of all the mice was 
adjusted by pair feeding. Thus, the food intake levels and body weights of each group 




Isolation of intestinal epithelial cells 
For the measurement of gene expression, intestinal epithelial tissue was collected 
with a slide glass after washing twice with cold PBS. For the measurement of fatty acid 
oxidation, intestinal epithelial cells were isolated from the proximal 1/2 (upper) and 
distal 1/2 (lower) of the intestine and incubated in 1 mg/ml collagenase IA/HBSS for 40 
min. They were washed with 1% FBS/DMEM three times and used for the experiments. 
 
Gene expression 
Total RNA samples were prepared from collected intestinal epithelial cells using an 
SV total RNA isolation system (Promega, WI, USA) in accordance with the 
manufacturer’s protocol. To quantify mRNA expression, PCR was performed using a 
fluorescence temperature cycler (LightCycler System: Roche Diagnostics, Mannheim, 
Germany), as previously described (21, 22). Primer sets were designed using a PCR 
primer selection program at the web site of the Virtual Genomic Center from the 
GenBank database, and their sequences are shown in Table 1. To compare mRNA 
expression levels among samples, the copy number of each transcript was divided by 
that of 36B4 showing a constant expression level. All mRNA expression levels are 




Fatty acid oxidation in intestinal epithelial cells of KK-Ay mice 
The intestinal epithelial cells isolated from HFD fed control mice or HFD containing 
Bezafibrate-fed mice were incubated in DMEM containing 200 M palmitic acid, 
0.01% fatty acid-free BSA, 200 M 1-carnitine, and [14C]-palmitic acid (37 kBq) 
(American Radiolabeled Chemicals, MO, USA) for 2 h. Fatty acid oxidation products 
were assessed as previously described (14). Briefly, the labeling medium containing 
intestinal epithelial cells was transferred to a 50-ml polypropylene tube. An uncapped 
2-ml sample tube containing a piece of filter paper soaked in 3 N NaOH was placed 
inside a 50-ml sample tube. After the tube was sealed, 200 l of 12 N HCl was added to 
the medium sample to release [
14
C]-CO2. The tube was then incubated at 37°C for 24 h. 
The saturated filter paper containing trapped [
14
C]-CO2 was assessed for radioactivity in 
a liquid scintillation counter (LS6500, Beckman Coulter, CA, USA). The acidified 
medium was centrifuged and 200 l of supernatant was assessed for the amount of 
[
14
C]-labeled acid soluble metabolites, which include labeled ketone bodies. Protein 
concentration was determined using a protein assay kit (Bio-Rad, CA, USA). 
 
Postprandial triglyceridemic response  
Plasma TG concentration was measured after the oral administration of olive oil as 
previously described (14). Briefly, after 16 h of fasting to decrease basal TG 
concentration, olive oil (300 l/mouse) was orally administered and plasma was 
collected from the tail vein of non-anesthetized mice every 30 min up to 240 min after 
the administration. For the determination of plasma TG concentration, we used 





The data were presented as means ± S.E.M. and statistically analyzed using one-way 
ANOVA when their variances were heterogeneous and unpaired t-test. Differences were 





Bezafibrate increased fatty acid oxidation in proximal intestine of KK-Ay mice 
To investigate effects of Bezafibrate on intestinal lipid metabolism under obese 
diabetic conditions, we used 9-week-old KK-Ay mice fed HFD for 1 week. The food 
intake levels and body weights were almost the same in both groups (Fig. 1A, B). The 
mRNA expression levels of genes involved in fatty acid oxidation such as Acs, Cpt1a, 
Aox, and Cd36 were higher in proximal intestine of the Bezafibrate fed mice than those 
of HFD-fed control mice (Fig. 2A-D). In addition, Bezafibrate induced mRNA 
expression of Pparα in proximal intestinal epithelial cells as shown Fig. 2E. Productions 
of CO2 and acid soluble metabolites (ASM) including ketone bodies, were also higher 
in Bezafibrate-fed mice than in control mice (Fig. 2F and G), suggesting that fatty acid 
oxidation was enhanced in proximal intestinal epithelial cells of Bezafibrate-fed mice. 
Meanwhile, the expression levels of lipogenic genes, such as Srebp-1c and Dgat, 
showed slightly increase in proximal intestinal epithelial cells of Bezafibrate-fed mice 
compared to those of control mice, although the difference did not reach statistical 
significance (data not shown). These results indicate that Bezafibrate enhances fatty 




Fig. 1  food intake and 
body weight in KK-Ay mice 
(A) average food intake, and 
(B) body weight gain in 
HFD-fed control mice and 
HFD containing 0.2% 
Bezafibrate-fed KK-Ay mice 
The values are means ± 
S.E.M. of 6 mice.   
Fig. 2  Bezafibrate increases fatty acid 
oxidation in proximal intestinal 
epithelial cells of KK-Ay mice 
The mRNA expression levels of fatty 
acid oxidation-related genes, Acs (A), 
Cpt1a (B), Aox (C), and Cd36 (D) and 
Pparα in the proximal intestinal 
epithelial cells of Bezafibrate fed KK-Ay 
mice. The copy number of each transcript 
was divided by that of 36B4 for 
normalization. (F) CO2 and (G) acid 
soluble metabolite (ASM) production in 
the proximal intestinal epithelial cells of 
Bezafibrate fed KK-Ay mice measured 
using [
14
C]-labeled palmitic acid, as 
described in the “MATERIALS AND 
METHODS” section. The value of a 
vehicle control was set at 100% and 
relative value is presented as fold 
induction compare with that of the 
vehicle control. The values are means ± 
S.E.M. of 6 mice. *P < 0.05 and **P < 
0.01 compared with each vehicle control. 
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Bezafibrate did not increase fatty acid oxidation in distal intestine of KK-Ay mice 
We have examined only proximal intestine in measurements of gene expression and 
fatty acid oxidation (14). However, lipid absorption occurs in not only proximal 
intestine but also distal intestine (17). Therefore, we measured the gene expression 
levels and fatty acid oxidation in distal intestinal epithelial cells. As shown in Fig. 3A-D, 
the expression levels of target genes of Pparα and Pparα were not increased by 
Bezafibrate, although the expression levels of Pparα were similar in both proximal and 
distal intestinal epithelial cells of control mice (data not shown). The mRNA expression 
levels of Cd36 were statistically significant induced in distal intestinal epithelial cells 
(Fig. 3E), however, expression levels of Cd36 were lower in distal intestine than in 
proximal ones of control mice. Moreover, the effect of Bezafibrate on induction of Cd36 
was smaller in distal intestine than in proximal intestine. There was no significant 
difference in production of CO2 and ASM between distal intestine of Bezafibrate-fed 
mice and that of control mice (Fig. 3F and G). The expression levels of lipogenic genes, 
such as Srebp-1c and Dgat, were similar between both groups (data not shown). These 
findings suggest that Bezafibrate does not induce fatty acid oxidation in distal intestinal 

















Fig. 3  Bezafibrate increases fatty acid 
oxidation in distal intestinal epithelial 
cells of KK-Ay mice 
mRNA expression levels of fatty acid 
oxidation-related genes, Acs (A), Cpt1a 
(B), Aox (C), and Cd36 (D) and Pparα 
in the distal intestinal epithelial cells 
of Bezafibrate fed KK-Ay mice. The copy 
number of each transcript was divided by 
that of 36B4 for normalization. (F) CO2 
and (G) acid soluble metabolite (ASM) 
production in the distal intestinal epithelial 




acid, as described in the “MATERIALS 
AND METHODS” section. The value of a 
vehicle control was set at 100% and 
relative value is presented as fold 
induction compare with that of the vehicle 
control. The values are means ± S.E.M. of 




PPARα activation in intestinal epithelial cells reduced postprandial hyperlipidemia in 
KK-Ay mice 
To examine effects of Bezafibrate on postprandial triglyceridemic response under 
obese diabetic conditions, plasma TG concentration was measured after oral 
administration of olive oil (300 μL/mouse) in KK-Ay mice. At 0 min after 16h fasting, 
there was no difference in plasma TG levels between both groups. In control mice, 
plasma TG levels peaked 120-150 min after the administration (Fig. 4A). In contrast, 
plasma TG levels were significantly decreased in Bezafibrate-fed mice from 90 min up 
to 240 min after olive oil administration. The area under the curve (AUC) was also 
smaller in Bezafibrate-fed mice than in control mice (Fig. 4B). These findings indicate 
that Bezafibrate reduces postprandial hyperlipidemia in KK-Ay mice. These results 
suggest that enhancement of fatty acid oxidation in proximal intestinal epithelial cells 
contributes to attenuating postprandial hyperlipidemia under obese diabetic conditions. 
Fig. 4  Bezafibrate attenuates postprandial hyperlipidemia in KK-Ay mice 
(A) Postprandial triglyceridemic response was measured in KK-Ay mice fed HFD containing 0.2% 
Bezafibrate for 1week. Plasma TG concentration at 0 min, every 30 min to 240 min after a 300-l olive 
oil administration in KK-Ay mice. (B) Area under the curve (AUC) of postprandial triglyceridemic 
response, as described in the “MATERIALS AND METHODS” section. The values are means ± 




It is well known that obesity and diabetes change lipid metabolism in various 
tissues including the liver and small intestine (10, 23). For example, fatty acid synthesis 
is enhanced under obese diabetic conditions in both liver (2) and intestine (10, 23). In 
addition, obesity reduces PPARα expression level in WATs and the small intestine, so 
that the anti-obese effect of PPARα is reduced under obese conditions (9, 10). 
Previously, we have elucidated that PPARα activation attenuates postprandial 
hyperlipidemia through the increase in the intestinal fatty acid oxidation of lean C57BL 
/6 mice (14). However, it remained unknown whether the same effects of PPARα 
activation on postprandial hyperlipidemia could be observed under obese diabetic 
conditions. The present study showed that PPARα activation enhanced fatty acid 
oxidation in proximal intestinal epithelial cells and attenuated postprandial 
hyperlipidemia in obese diabetic KK-Ay mice. However, the gene expression involved 
in lipogenesis, such as Srebp-1c and Dgat, were increased in proximal intestine. These 
results suggest that the enhancement of fatty acid oxidation exceeds induction of 
lipogenesis in proximal intestine of KK-Ay mice by Bezafibrate. Recently, postprandial 
hyperlipidemia has been thought to be a risk factor for atherosclerosis rather than 
fasting blood TG level (5). In obese diabetic conditions, such a risk is seemed to 
increase because the peak plasma TG level after the olive oil administration was higher 
in the KK-Ay mice than in the C57BL mice (402 and 209 mg/dl in the KK-Ay mice, as 
shown in Fig. 4, and C57BL mice, respectively (14)). Therefore, attenuation of 
postprandial hyperlipidemia via PPARα activation could be an effective strategy for 
prevention and improvement of atherosclerosis even in obesity. 
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Lipid absorption occurs in not only proximal intestine but also distal intestine, 
especially after a fatty meal intake (17). The expression levels of transporter proteins for 
fatty acid and cholesterol such as CD36 and ABC transporter family proteins differ 
between proximal and distal intestine (24, 25), suggesting that the amounts of absorbed 
fatty acid are also different between them. In our previous report, we have examined the 
effects of PPARα activation in only proximal intestinal epithelial cells (14), and the 
contribution of PPARα in distal intestine to postprandial lipid metabolism remained 
unknown. Therefore, we compared the effects of PPARα activation between proximal 
and distal intestine in the present study (Fig. 2, 3). We demonstrated here that 
Bezafibrate increased mRNA expression of genes involved in fatty acid oxidation in 
proximal intestine, but not in distal intestine. However, there was no difference in 
mRNA expression of Pparα between proximal and distal intestine of control mice in 
this experiment. These findings suggest that the induction of gene expression is 
regulated in a site-specific manner in the small intestine, and PPARα activation in 
proximal intestine is sufficient to reduce postprandial hyperlipidemia. This suggestion is 
very important for the development of drug targeting intestinal lipid metabolism. 
Circulating lipid amounts are affected by lipid absorbed through the small intestine 
and clearance into other peripheral tissues, such as the liver. Many reports have 
demonstrated that the increase in hepatic fatty acid oxidation induced by PPARα 
activation results in decrease in circulating lipid amounts (26, 27). However, especially 
early in postprandial state, increase in plasma TG levels comes from amount of dietary 
fat absorbed in the small intestine, and contribution by the liver to circulating lipid 
levels is thought to be small (28, 29). Therefore, intestinal lipid metabolism would be 
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more important for the circulating lipid levels than the hepatic lipid metabolism under 
our experimental condition. 
In conclusion, PPARα activation in intestinal epithelial cells attenuates postprandial 
hyperlipidemia even under obese diabetic conditions. The effects of PPARα are 
mediated by proximal intestinal epithelial cells. Because the small intestine is exposed 
to orally ingested substances in postprandial state and the surface area of the villus 
mucosa is quite large, the regulation of intestinal postprandial lipid metabolism by 
chemicals or food ingredients could become efficient for preventing the development of 
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Studies on effects of docosahexaenoic acid on intestinal fatty acid 





Over the past few decades, the prevalence of metabolic syndrome has markedly 
increased worldwide, particularly in wealthy, industrialized countries (1). Metabolic 
syndrome includes multiple factors such as insulin resistance, dyslipidemia, and central 
obesity and increases the risk of developing serious metabolic disorders such as 
cardiovascular diseases and type 2 diabetes. Many epidemiological studies, including 
prospective cohort studies (2-4), cross-sectional studies (5, 6), and case-control studies 
(7), demonstrate that postprandial hyperlipidemia is an independent risk factor for 
cardiovascular disease. Therefore, attenuating postprandial hyperlipidemia could be a 
key factor for preventing cardiovascular diseases. 
High intake of dietary fat significantly increases postprandial plasma 
triacylglyceride (TG) levels. The epithelial cells in the small intestine are constantly 
exposed to this dietary fat. Therefore, the regulation of lipid metabolism in intestinal 
epithelial cells could affect postprandial hyperlipidemia. Previous studies have 
demonstrated that peroxisome proliferator-activated receptor-α (PPARα) is highly 
expressed in intestinal epithelial cells along the length of the small intestine as well as in 
the liver, skeletal muscle, and brown fat (8,9). PPARα, which is a nuclear transcriptional 
factor, regulates lipid metabolism including fatty acid (FA) oxidation (10-11). Synthetic 
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PPARα agonists, such as fibrates, decrease circulating lipid levels and are commonly 
used as drugs for the treatment of hyperlipidemia (12). PPARα knockout (PPARα-/-) 
mice showed dyslipidemia (13, 14). Recently, we and others have reported that 
activation of PPARα in intestinal epithelial cells improves postprandial hyperlipidemia 
through enhancing FA oxidation (15, 16). PUFAs, such as docosahexaenoic acid (DHA) 
and eicosapentanoic acid (EPA), are known to lower plasma TG; the mechanism 
responsible for their hypolipidemic action is thought to be involved in the regulation of 
TG clearance from circulation and TG synthesis in the liver (17-19). Recent studies 
have found that PUFAs increase the mRNA expression levels of genes involved in FA 
oxidation in intestinal epithelial cells (20). However, it is unknown whether dietary 
lipids, such as DHA could affect the intestinal lipid metabolism, resulting in 
improvement of postprandial hyperlipidemia.  
In this study, we investigated whether DHA improves postprandial hyperlipidemia 
by altering the lipid metabolism in intestinal epithelial cells. DHA induced FA oxidation 
in intestinal epithelial cells by activating PPARα, which attenuated postprandial 
hyperlipidemia by directly reducing TG secretion from intestinal epithelial cells. 
Furthermore, we confirmed that hepatic lipid metabolism is unlikely to contribute to 
these effects of DHA. These findings suggest that activating intestinal PPARα by dietary 
lipids such as DHA may shed light on postprandial hyperlipidemia-induced 
cardiovascular diseases. 






MATERIALS AND METHODS 
Chemicals and cell culture 
Docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) were purchased 
from Nacalai Tesque (Kyoto, Japan) and dissolved in ethanol. Bezafibrate was 
purchased from Sigma (St. Louis, MO, USA) and dissolved in dimethylsulfoxide 
(DMSO) as a stock solution. Decanoic acid (C10) and palmitic acid (C16) were 
purchased from Nacalai Tesque and Wako Pure Chemicals (Osaka, Japan), respectively. 
All other chemicals used were from Sigma or Nacalai Tesque and were guaranteed to be 
reagent or tissue-culture grade. 
Human Caco-2 cells were purchased from American Type Culture Collection 
(ATCC, Manassas, VA, USA) and were cultured in DMEM (100 mg/dL glucose) 
containing 10% fetal bovine serum, 1% non-essential amino acid solution, and 10 
mg/mL penicillin/streptomycin at 37°C in 5% CO2/95% air under humidified conditions. 
Caco-2 cells were seeded at a density of 1.12 × 10
6
 cells/mL on 12-well Transwell
®
 
plates (Corning Inc.; Corning, NY, USA) for 2 weeks for differentiation into intestinal 
epithelial-like cells. To evaluate differentiation of Caco-2 cells, we measured 
transepithelial electrical resistance (TER). No significance in TER was detected in any 
experiment (data not shown). The apical medium was changed to DMEM containing 
either 1 µM or 25 µM DHA or 50 μM Bezafibrate and 600 μM taurocholic acid Na salt 
hydrate and 500 μM oleic acid. Additionally, the basolateral medium was changed to 
serum-free DMEM. After 48 h, the basolateral medium was collected to measure TG 
and apolipoprotein B (apoB) secretion. Cell viability was measured in Caco-2 cells 





Luciferase assays were performed using the modified dual luciferase system as 
previously described (21). Briefly, for luciferase assays using the GAL4/PPAR chimera 
system, CV-1 cells or Caco-2 cells were transfected with p4xUASg-tk-luc (reporter 
plasmid), pM-h PPARα (chimeric plasmid expressing GAL4 DNA-binding domain and 
human PPARα-ligand binding domain), pM-h PPARγ or pM-h PPARδ, and pRL-CMV 
(internal control plasmid for normalizing transfection efficiencies). Transfected cells 
were treated with DHA and EPA, C10 or C16 at the indicated concentrations for 24 h. 
Bezafibrate (50 µM), pioglitazone (1 µM) or GW501516 (1 µM) were used as positive 
controls. For luciferase assays using a PPAR full-length system, a reporter plasmid 
(p4xPPRE-tk-luc) and pRL-CMV were transfected into Caco-2 cells. Transfection was 
performed using Lipofectamine 2000 (Invitrogen; 
Carlsbad, CA, USA) according to the manufacturer’s 
protocol. Four hours after transfection, transfected 
cells were cultured in medium containing fatty acids 
or positive controls for an additional 24 h, 
respectively. Luciferase assays were performed using 
the dual luciferase system according to the 
manufacturer’s protocol.  
 
Gene expression 
Total RNA samples were prepared from Caco-2 cells, mouse intestinal epithelial 
cells, and hepatocytes using Sepasol Super-I (Nacalai Tesque) and Qiazol Lysis reagent 
(Qiagen; Hilden, Germany) according to the manufacturer’s instructions, respectively. 
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Using M-MLV reverse transcriptase (Invitrogen), total RNA was reverse-transcribed 
following the manufacturer’s protocol using a thermal cycler (Takara; Shiga, Japan). To 
quantify mRNA expression, real-time PCR was performed using a LightCycler System 
(Roche Diagnostics; Mannheim, Germany) using SYBR Green fluorescence signals as 
described previously (22). Oligonucleotide primers of human and mouse 36B4 and 
Pparα target genes used in this study were designed using a PCR primer selection 
program found in the website of the Virtual Genomic Center from the GenBank 
database, as previously described (Table 1). To compare mRNA expression levels 
among samples, copy numbers of all transcripts were divided by that of human and 
mouse 36B4, showing a constant expression level. All mRNA expression levels are 










Oxygen consumption rate (OCR) in Caco-2 cells  
The cellular oxygen consumption rate (OCR) was measured using a Seahorse 
Bioscience XF analyzer in 24-well plates at 37°C, with correction for positional 
temperature variations adjusted for the four empty wells in the plate (23, 24). Caco-2 
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cells were cultured for 2 weeks after seeding on the plate and were treated with PPARα 
agonist, 50 μM Bezafibrate, or either 1 µM or 25 µM DHA for 24 h. Immediately before 
the measurement, cells were washed, and 675 μL of non-buffered 
(sodium-carbonate-free) pH 7.4 DMEM medium supplemented with 2 mM l-glutamine, 
1 mM sodium pyruvate, 1.9 g/L NaCl, and 25 mM glucose was added to each well. 
After equilibration for 30 min, 2-min measurements were performed at 3-min intervals 
with inter-measurement mixing to homogenize the oxygen in the medium. OCR 
(pmol/min) was divided by protein amount in each well. 
 
TG and apolipoprotein B (apoB) secretion in Caco-2 cells 
To measure TG secretion, we used the triglyceride E Test WAKO (Wako Pure 
Chemicals). To measure apolipoprotein B (apoB) secretion, an enzyme-linked 
immunosorbent assay (ELISA) was performed using an anti-human low-density 
lipoprotein apo B antibody (Clone 12G10; Monosan; Uden, Netherlands), 
affinity-purified anti-apolipoprotein B (Rockland; Gilbertsville, PA, USA), and horse 
radish peroxidase (HRP)-conjugated anti-goat IgG (Promega) as the capture, primary, 
and secondary antibodies, respectively. Details of these procedures have been 
previously described (15). HRP activity was detected using a 




DHA-rich oil containing 25.4% DHA and 8% EPA was a gift from NOF 
CORPORATION (Kanagawa, Japan). EPA-rich oil containing 28.4% EPA and 12.3% 
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DHA was a gift from Nippon Suisan Kaisha, Ltd. (Tokyo, Japan). All other chemicals 
were from Sigma or Nacalai Tesque and were guaranteed to be reagent or tissue-culture 
grade. 
All mice were maintained separately in a temperature-controlled (23°C) facility 
under a constant 12 h light/dark cycle with free access to water. To analyze the effects of 
DHA on intestinal lipid metabolism and postprandial hyperlipidemia, 9-week-old male 
C57BL/6 mice (CLEA Japan; Tokyo, Japan) were fed a high-fat diet (HFD) consisting 
of 60% (kcal%) fat from dietary oil, 26% protein, and 14% carbohydrate for 1 week to 
induce postprandial hyperlipidemia (25), and were then divided into three groups with 
the same average serum TG level and body weight after 16 h fasting. Ten-week-old 
male C57BL/6 mice were 
maintained for 1 week either on 
a 60% HFD or on a diet 
containing 1.9% DHA or 3.7% 
DHA, maintaining the total 
amount of fat at 60%. The 
detailed composition of the 
experimental diets is described in Table 2 (26).  
To compare the effects of EPA to those of DHA, EPA-rich oil containing 28.4% 
EPA and 12.3% DHA was diluted with corn oil to prepare an HFD with final 
concentrations of 3.4% EPA and 1.5% DHA, maintaining the total amount of fat at 60%, 
for experiments (Fig. 7). The energy intake of all mice was adjusted by pair feeding, and 
food intake was determined daily for seven consecutive days. Anesthesia was induced 
using sevoflurane in all experiments. The procedures for animal care were approved by 
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the Animal Research Committee of Kyoto University. 
To clarify whether the effects of DHA-rich oil on intestinal lipid metabolism and 
postprandial hyperlipidemia involves PPARα, we used PPARα-/- mice with a C57BL/6 
genetic background. PPARα-/- mice were fed HFD consisting of 60% (kcal%) fat for 1 
week, and were then divided into two groups with the same average serum TG level and 
body weight after 16 h fasting. Ten-week-old male PPARα-/- mice were maintained for 1 
week either on a 60% HFD or on a 60% HFD containing 3.7% DHA.  
For RNA analysis, the proximal intestine and the liver were harvested from the 
mice. After washing, intestinal epithelial cells were collected using a slide glass. 
Collected tissue was stored in RNAlater (Ambion; Austin TX, USA; Applied 
Biosystems, Foster City, CA, USA) at -80°C until use. 
 
Fatty acid oxidation in intestinal epithelial cells and hepatocytes 
Fatty acid (FA) oxidation with isolated intestinal epithelial cells and hepatocytes 
were analyzed as previously described (15, 24). Briefly, collected intestinal epithelial 
cells and hepatocytes were washed with 1% FBS/DMEM three times and used for 
experiments. Cells were incubated with a piece of filter paper containing 200 μL 3 N 
NaOH in DMEM containing 200 μM palmitic acid, 0.01% FA-free BSA, 200 μM 
l-carnitine, and [
14C] palmitic acid (1 μCi /mL) (American Radiolabeled Chemicals; St. 
Louis, MO, USA) at 37°C for 2 h. The tubes were gently shaken every 30 min during 
incubation. After 2 h of incubation, 200 μL of 12 N HCl was added to the cells to 
release [
14
C]-CO2 and incubated at 37°C overnight to trap [
14
C]-CO2. The saturated filter 
paper containing trapped [
14
C]-CO2 was assessed for radioactivity in a liquid 
scintillation counter (LS6500, Beckman Coulter; Brea, CA, USA). The acidified 
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medium was centrifuged, and 200 μL of supernatant was assessed to determine the 
amount of [
14
C]-labeled acid-soluble metabolites, which includes ketone bodies. Protein 
concentration was determined using a Protein Assay Kit (Bio-Rad; Hercules, CA, 
USA). 
 
Quantifying DHA in the small intestine and the liver with LC-MS 
LC-MS was performed with an Acquity UPLC system coupled to a Xevo 
Quadrupole Time-of-Flight (QTOF)-MS system (Waters, Milford, MA), equipped with 
an electrospray source operated in the negative-ion mode with a lock-spray interface for 
accurate mass measurement. Leucine enkephaline was employed as the lock-mass 
compound. It was infused straight into the MS system at a flow rate of 20 μL/min at a 
concentration of 200 pg/μL in 50% acetonitrile and 0.1% formic acid. The data were 
acquired by using MassLynx software (Waters). External mass was calibrated by 
following the manufacture’s protocol. An aliquot of the extracted sample (3 μL) was 
injected into an Acquity UPLC BEH-C18 reversed phase column (2.1×100 mm column 
size, 1.7 μL particle size). The column temperature was set at 40℃. The amount of 
DHA was estimated from calibration curve obtained by analytical-grade standard 
compounds. The peak area of m/z [M-H]±0.05 Da was divided by the area of the 
internal standard (27). 
 
Postprandial TG and apoB secretion 
To measure plasma TG concentration, mice were administrated an oral gavage of 
300 μL olive oil after a 16-h fast, and blood samples were collected every 30 min to 240 
min after olive oil administration from the tail vein of non-anesthetized mice.   
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To measure TG secretion from intestinal epithelial cells, mice were injected with 
500 mg/kg body weight Tyloxapol (T0307, Sigma) into the intraperitoneal cavity to 
block serum lipase activity after a 16-h fast (28). After 30 min, mice were administrated 
an oral gavage of 300 μL olive oil. Blood samples were obtained before Tyloxapol 
injection and every 30 min for 240 min after olive oil administration. Plasma TG 
concentration was determined using the triglyceride E Test Wako kit (Wako Pure 
Chemicals).  
To measure postprandial apoB48 secretion, plasma collected at 120 min was mixed 
with Laemmli Sample buffer (Bio-Rad) (1:8) and boiled for 5 min at 95°C. Plasma 
samples were subjected to SDS-PAGE on a 5% gel. Separated proteins were transferred 
electrophoretically to polyvinylidene fluoride membranes (Millipore Corporation, 
Billerica, MA, USA), which were blocked with 5% non-fat dried milk in 
phosphate-buffered saline. The membranes were incubated with the anti-mouse 
apoB48/100 antibodies (Meridian Life Science, Memphis, TN, USA), and then with 
peroxidase-conjugated anti-rabbit IgG antibodies (Santa Cruz Biotechnologies, Santa 
Cruz, CA, USA), respectively. Protein bands were detected using an enhanced 
chemiluminescence (ECL) Western blotting detection system (Millipore Corporation). 
The bands were quantitatively evaluated using National Institutes of Health (NIH) 
Image J software. 
 
TG accumulation in intestinal epithelial cells of mice 
Lipids in intestinal mucosa were extracted using the hexane/isopropanol (3:2) 
extraction methods (29). Briefly, intestinal mucosa was homogenized using 
hexane/isopropanol (3/2) for 1 min, the suspension was centrifuged, and the pellet was 
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rinsed with the same solvent. The entire liquid phase was evaporated, the dried extract 
dissolved in isopropanol, and TG content was measured as above. Triolein dissolved in 
isopropanol was used as the standard for TG. The efficiency of extraction was measured 
by comparing the recovery of triolein in samples that had been spiked and samples that 
had not been spiked with known quantities of triolein standard. The assessed recovery 
was 81.2 ± 4.7%. 
 
TG amounts in feces of mice  
The feces were dried at 60°C overnight and the lipids were extracted using the 
Folch method (30). This analysis enables measurement of lipids extracted per gram of 
dried fecal samples. Briefly, lipids present in the feces were extracted using 




Data are presented as means ±S.E.M. For analyses of two groups, unpaired 
Student’s t-test was used. To analyze three or more groups, analysis of variance 
(ANOVA) was used along with Tukey-Kramer’s multiple comparison tests to determine 









DHA activated PPARα in CV-1cells and Caco-2 cells 
First, we investigated whether DHA activated PPARα based on a luciferase assay 
using the GAL4/PPARα chimera system. DHA activated luciferase activity of PPARα in 
CV-1 cells in a dose-dependent manner (Fig. 1A). Furthermore, DHA stimulated 
PPAR-response element (PPRE)-luciferase activity in Caco-2 cells (Fig. 1B). DHA also 
activated luciferase activity of PPARα in Caco-2 cells (Fig. 1C). The effects of DHA on 
PPARα activation were higher than those of EPA under our experimental conditions 
(approximately 5.9- and 2.6-fold increases at 25 µM DHA and EPA, respectively), as 
shown in Fig. 1C. Moreover, DHA enhanced the activation of PPARγ by approximately 
1.7-fold (Fig. 1D). However, DHA did not increase PPARδ activation in Caco-2 cells 
(Fig. 1E and F). DHA showed the higher activation of PPARα than other fatty acids, 
such as decanoic acid (C10) and palmitic acid (C16) in Caco-2 cells, although C16 
activated PPARα (Fig. 1G). Cytotoxicity was not observed following 25 µM DHA 
treatment of Caco-2 cells (data not shown). These results suggest that DHA induces 





Fig. 1 DHA activated PPARα in luciferase assays using the GAL4 chimera and PPRE-luc systems 
(A) Luciferase assay using the GAL4/ PPARα chimera system in CV-1 cells. Reporter plasmids 
(p4XUASg-luc and pRL-CMV) were transfected into CV-1 cells together with pM-h PPARα. Transfected 
cells were treated with Bezafibrate or DHA at the indicated concentrations for 24 h. (B) Luciferase assay 
using a PPRE-luc system in Caco-2 cells. Reporter plasmids (p4XPPRE-tk-luc and pRL-CMV) were 
transfected into Caco-2 cells. Transfected cells were treated with Bezafibrate or DHA at the indicated 
concentrations for 24 h. (C-E) Luciferase assay using the GAL4/ PPARα, PPARγ and PPARδ chimera 
system in Caco-2 cells. Reporter plasmids were transfected with pM-hPPARα, pM-hPPARγ and 
pM-hPPARδ in Caco-2 cells. Transfected cells were treated with 25 µM DHA and EPA, and 50 µM 
Bezafibrate, 1 µM pioglitazone or 1 µM GW501516 as positive controls for 24 h. (F)  Luciferase assay 
using the GAL4/ PPARδ chimera system in Caco-2 cells. Reporter plasmid was transfected with 
pM-hPPARδ in Caco-2 cells. Transfected cells were treated with 1-100 µM DHA, 1 µM GW501516 and 
100 µM Bezafibrate as positive controls for 24 h. (G) Luciferase assay using the GAL4/ PPARα chimera 
system in Caco-2 cells transfected with reporter plasmid and pM-hPPARα. Transfected cells were treated 
with 25 µM DHA, decanoic acid (C10) and palmitic acid (C16) for 24 h. The average activity of luciferase 
in a vehicle control was set at 100% and the relative activities were represented as fold induction relative to 





DHA induced the genes involved in FA oxidation and OCR in Caco-2 cells 
To investigate the effects of PPARα activation by DHA on intestinal lipid 
metabolism, we measured mRNA expression levels of genes involved in FA oxidation 
in DHA-treated Caco-2 cells. DHA induced mRNA expression of genes involved in FA 
oxidation, such as acyl-CoA synthase (Acs), carnitine-palmitoyl-transferase-1a (Cpt1a), 
acyl-CoA oxidase (Aox) and uncoupling protein-2 (Ucp2) and other PPARα target genes 
such as fatty acid binding protein (Fabp) and microsomal triglyceride transfer protein 
(Mtp) (Fig. 2A–F). Moreover, the oxygen consumption rate (OCR), determined using 
extracellular flux analysis, was enhanced following DHA treatment (Fig. 2G). In 
contrast, decanoic acid (C10) with little activity toward PPARα, did not affect mRNA 
expression of Cpt1a, and palmitic acid (C16) with lower PPARα activity than DHA, did 
not significantly induce Cpt1a expression in Caco-2 cells (Fig. 1G and 2H). These 














Fig. 2   FA oxidation-related gene expressions and oxygen consumption rate (OCR) were 
increased in DHA-treated Caco-2 cells 
(A–F) The mRNA expression levels of FA oxidation-related genes (Acs, Cpt1a,Aox and Ucp2) and 
other PPARα target genes (Fabp and Mtp) were quantified in DHA-treated Caco-2 cells for 24 h. 
(G) Oxygen consumption rate (OCR) was determined using extracellular flux analysis as 
described in the “MATERIALS AND METHODS” section. (H) Cpt1a expression levels in DHA-, 
C10- and C16- treated Caco-2 cells. Values of controls were set at 100% and the relative values 
were represented as fold induction relative to that of control. Values are means ± S.E.M. of 6 tests. 
*P < 0.05 and **P < 0.01 compared to each control. 
A B C D 
E F G H 
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DHA decreased the secretion of TG and apoB from Caco-2 cells 
To determine the effects of PPARα activation by DHA on lipid secretion from 
Caco-2 cells, we examined the amounts of lipid secreted from DHA-treated Caco-2 
cells. TG secretion from DHA-treated Caco-2 cells was significantly decreased (to 77% 
and 72% with either 1 or 25 µM DHA treatment, respectively), as shown in Fig. 3A. 
DHA treatment reduced the secretion of apoB, which is the primary apolipoprotein of 
chylomicrons, to 67% and 59% with either 1 or 25 µM DHA treatment, respectively 
(Fig. 3B). The effects of DHA on secretion were similar to those of Bezafibrate, a potent 
PPARα agonist (Fig. 3A and B). While C10 did not inhibit TG secretion, C16 did 
decrease TG secretion from Caco-2 cells. However, the effect of C16 on decrease of TG 
secretion was lower than that of DHA (Fig. 3C). These results suggest that lipid 
secretion from intestinal epithelial cells is related to PPARα activity. 
 
 
A B C 
Fig. 3 DHA decreased TG and apoB secretion from Caco-2 cells 
TG (A), apoB (B) secretion in DHA-treated Caco-2 cells and TG (C) secretion in DHA-, 
C10- and C16-treated Caco-2 cells were measured as described in the “MATERIALS AND 
METHODS” section. Control values were set at 100% and the relative values were 
represented as fold induction relative to that of control. Values are means ± S.E.M. of 6 
mice. *P < 0.05 and **P < 0.01 compared to each control. 
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DHA-rich oil enhanced FA oxidation in intestinal epithelial cells of C57BL/6 mice 
Next, we examined whether the effects of DHA in vitro also occurred in vivo. Since 
PPARα agonists are known to reduce food intake in rodents (32), all mice were housed 
in pair-fed conditions in each experiment; there was no difference in food intake 
between groups. The mRNA expression levels of FA oxidation-related genes such as 
Acs, Cpt1a, Aox and Ucp2, cytochrome c (Cyt c) and other PPARα target genes such as 
Fabp and Cd36 were increased in C57BL/6 mice fed high-fat diet (HFD) containing 
DHA-rich oil for one week (Fig. 4A–G). When the cells were incubated with [14C] 
palmitic acid for 2 h, oxidation of [
14
C] palmitic acid to CO2 and acid-soluble 
metabolites (ASM) were enhanced in intestinal epithelial cells of DHA-rich oil-fed mice 
compared to control (Fig. 4H and I). Amount of DHA was enhanced in intestinal 
epithelial cells of DHA-rich oil-fed mice compared to control (Fig. 4J). These results 
suggest that mitochondrial FA oxidation is enhanced in intestinal epithelial cells of 
DHA-rich oil-fed mice. However, surprisingly, DHA-rich oil-fed mice showed no 
increase in mRNA expression levels of FA oxidation-related genes in the liver under the 
same conditions as shown in Fig. 5A–C. Moreover, the production of CO2 and ASM 
were not augmented in the liver of DHA-rich oil-fed mice compared to control mice 
(Fig. 5D and E). However, amount of DHA was enhanced in the liver of DHA-rich 
oil-fed mice compared to control (Fig. 5F). These findings suggest that DHA-rich oil 







Fig. 4 FA oxidation was enhanced in intestinal epithelial cells of DHA-rich oil fed C57BL/6 mice 
(A–G) The mRNA expression levels of FA oxidation-related genes (Acs, Cpt1a, Aox and Ucp2), Cyt c and 
other PPARα target genes (Fabp, and Cd36) in intestinal epithelial cells were quantified. (H and I) 
Production of CO2 and ASM in intestinal epithelial cells was determined using [
14
C] palmitic acid. Control 
values were set at 100% and the relative values are represented as fold induction relative to that of control. 
(J) Amount of DHA in the small intestine using LC-MS as described in the “MATERIALS AND 









Fig. 5 FA oxidation was not enhanced in the liver of DHA-rich oil fed C57BL/6 mice 
(A–C) The mRNA expression levels of FA oxidation-related genes (Acs, Cpt1a and Aox) in the liver 
were determined by real-time PCR. (D and E) Production of CO2 and ASM in the liver was 
determined using [
14
C] palmitic acid. Control values were set at 100% and the relative values are 
represented as fold induction relative to that of control. (F) Amount of DHA in the liver using LC-MS 




DHA-rich oil attenuated postprandial TG levels via reducing TG secretion from 
intestinal epithelial cells in C57BL/6 mice 
To investigate whether DHA-rich oil decreases postprandial TG levels in mice, we 
measured plasma TG levels every 30 min to 240 min after oral administration of olive 
oil. Plasma TG levels were significantly lower in DHA-rich oil-fed mice than those in 
control from 120 to 240 min after the administration (Fig. 6A). It was also confirmed 
that postprandial triglyceridemic response determined based on the area under the curve 
(AUC) was lowered to 66% and 45% in 1.9% and 3.7% DHA-rich oil-fed mice, 
respectively (Fig. 6B). In addition, plasma apoB48 was also reduced at 120 min in 3.7% 
DHA-rich oil-fed mice (Fig. 6C). To clarify whether DHA-rich oil altered postprandial 
TG secretion from intestinal epithelial cells, we measured plasma TG levels after oral 
administration of olive oil in the presence of Tyloxapol, an inhibitor of TG clearance. 
Plasma TG levels were significantly decreased after 150 min and AUC was reduced to 
66% in 3.7% DHA-rich oil fed mice compared to control (Fig. 6D and E). Furthermore, 
TG accumulation in intestinal epithelial cells was lower in DHA-rich oil-fed mice than 
control, and there was no difference in the weight of feces and fecal TG levels between 
control and DHA-rich oil fed mice (Fig. 6F–H). In contrast, EPA did not affect 
postprandial lipid metabolism compared to DHA in Caco-2 cells and C57BL/6 mice 
(Fig. 7). These results suggest that DHA attenuates postprandial hypertriglyceridemia 





Fig. 6 Postprandial hyperlipidemia was attenuated by decreasing TG secretion from intestinal 
epithelial cells of DHA-rich oil fed C57BL/6 mice 
(A and B) Plasma TG levels every 30 to 240 min and plasma apoB48 levels at 120 min after oral 
administration of olive oil were measured in control and DHA-rich oil-fed C57BL/6 mice. Plasma TG level 
was measured by enzymatic colorimetric assay. Plasma apoB48 protein levels at 120 min were visualized 
by western blotting and band density was determined using National Institutes of Health (NIH) Image J 
software. (D and E) Postprandial TG secretion in control and DHA-rich oil-fed mice that had been 
administered Tyloxapol, an inhibitor of TG clearance, were examined. AUC is shown as relative values and 
is represented as fold induction relative to that of the control, which was set at 100%. (F) TG content in 
intestinal epithelial cells, (G) the weight of feces and (H) fecal TG levels in control and DHA-rich oil-fed 
C57BL/6 mice were determined as described in the “MATERIALS AND METHODS” section. The values 




Fig. 7  Effects of eicosapentaenoic acid (EPA) on intestinal lipid metabolism and postprandial 
hyperlipidemia in C57BL/6 mice 
The mRNA expression level of Cpt1a (A), TG secretion (B), and apoB secretion (C) were measured in 
25 µM EPA-treated Caco-2 cells for 24 h. The mRNA expression levels of Cpt1a (D) and Aox (E), and 
plasma TG levels every 60 min to 240 min after oral administration of olive oil (F, G) were 
investigated in EPA-rich fish oil-fed C57BL/6 mice. Values are the means ± SEM of 6 mice. *P< 0.05 




Effects of DHA on postprandial lipid metabolism were mediated by the activation of 
intestinal PPARα 
To clarify the involvement of PPARα activation in the effects of DHA on 
postprandial lipid metabolism, we examined the effects of DHA in PPARα-/- mice. The 
baseline characteristics of PPARα-/- mice compared to control mice are shown in Table 3. 
The mRNA expression levels of genes involved in FA oxidation (Acs, Cpt1a, and Aox), 
and the production of CO2 and ASM did not change significantly in intestinal epithelial 
cells of DHA-rich oil-fed PPARα-/- mice (Fig. 8A-E). Moreover, there was no difference 
in intestinal TG levels between DHA-rich oil-fed PPARα-/- mice and control mice (Fig. 
8F). Finally, the effects of DHA-rich oil on plasma TG and apoB levels after olive oil 
administration were abolished in PPARα-/- mice without and with Tyloxapol (Fig. 8G-I), 
suggesting that lipid secretion from intestinal epithelial cells is related to PPARα activity. 
These findings suggest that the activation of intestinal PPARα is a key factor for 







Fig. 8 Effects of DHA-rich oil on intestinal lipid metabolism and postprandial hyperlipidemia were 
abolished in PPARα-/- mice 
(A–C) The mRNA expression levels of FA oxidation-related genes (Acs, Cpt1a, and Aox) in intestinal 
epithelial cells were determined using real-time PCR. (D and E) CO2 and ASM production in intestinal 
epithelial cells of PPARα-/- mice were determined using [14C] palmitic acid. Control values were set at 100% 
and the relative values are represented as fold induction relative to that of control. (F) TG accumulation in 
intestinal epithelial cells was measured. (G) Plasma TG levels every 30 min up to 240 min after oral 
administration of olive oil were measured in control and DHA-rich oil fed PPARα-/- mice. Postprandial TG 
secretion every 30 up to 240 min (H) and apoB48 secretion at 120 min (I) from intestinal epithelial cells 
after oral administration of olive oil in control and DHA-rich oil fed PPARα-/- mice which had been 




Activation of PPARα is well known to decrease plasma TG levels through FA 
oxidation in the liver and skeletal muscle (9-11). Although the role of PPARα expressed 
in intestinal epithelial cells remained obscure (8, 33), we and others have recently 
demonstrated that PPARα agonists improve postprandial hyperlipidemia through 
increasing FA oxidation in intestinal epithelial cells (15, 16). It is suggested that PPARα 
activation reduces TG secretion from intestinal epithelial cells, which attenuates 
postprandial hyperlipidemia. To clarify the contribution of intestinal PPARα activation 
to postprandial systemic lipid metabolism, further investigation is necessary, including 
studies involving intestinal epithelial cell-specific PPARα knockout mice. However, 
these findings indicate that intestinal PPARα activation plays a critical role in positive 
regulation of postprandial systemic lipid metabolism. 
Although it has been shown that PPARα activation in intestinal epithelial cells 
reduces postprandial hyperlipidemia, it was unknown whether postprandial 
hyperlipidemia is also improved by dietary lipids, which generally show lower PPARα 
activation than synthesized PPARα agonists (34, 35). Previous studies have indicated 
that DHA increases mRNA expression levels of FA oxidation-related genes in intestinal 
epithelial cells (36, 37) and that PUFAs including DHA enhance FA oxidation in 
hepatocytes (38). The present study showed that DHA enhanced FA oxidation and 
decreased TG secretion in Caco-2 cells and intestinal epithelial cells, resulting in 
reduction of postprandial hyperlipidemia via PPARα activation in mice. However, 
surprisingly, no induction of the genes involved in FA oxidation was observed in the 
liver of DHA rich oil-fed mice under our experimental conditions (Fig. 5). Our findings 
presented here suggest that effects of DHA on attenuating postprandial hyperlipidemia 
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are attributed to the decrease of TG secretion from intestinal epithelial cells. During 
early stages after a meal, most TG secretion into circulation is thought to be derived 
from dietary fat absorbed in intestinal epithelial cells because they are directly exposed 
to dietary fat, while insulin prevents hepatic VLDL secretion during the postprandial 
state (39, 40). In DHA rich oil-fed mice, plasma TG levels were decreased after olive oil 
administration with Tyloxapol, which inhibits plasma lipoprotein lipase, suggesting that 
TG secretion from intestinal epithelial cells was reduced (Fig. 6D). This was supported 
by the results that DHA reduced TG and apoB secretion in Caco-2 cells, as shown in Fig. 
3A, B. Moreover, we observed that TG accumulation in intestinal epithelial cells was 
generally decreased (Fig. 6F) and the level in the weight of feces and fecal TG did not 
change in DHA rich oil-fed mice (Fig. 6G and H). These findings suggest that DHA is a 
potent factor to reduce TG secretion from intestinal epithelial cells via FA oxidation by 
PPARα activation, resulting in attenuating postprandial hyperlipidemia. 
In this study, mRNA expression levels of intestinal FA oxidation-related genes in 
DHA-rich oil-fed PPARα-/- mice were increased, although the increases were not 
significant (Fig. 8A and C). Previous reports have indicated that PPARδ compensates 
for the lack of PPARα in the skeletal muscles of PPARα-/- mice (41) and that PPARδ 
activates FA oxidation (42). DHA and Bezafibrate did not activate PPARδ in our 
luciferase assays (Fig. 1E and F). However, the concentration of DHA exposed to 
intestinal epithelial cells may have been much higher than that used in Caco-2 cells. 
Therefore, the increase in intestinal FA oxidation-related genes in Fig. 8A and C may be 
related to the PPARδ effect.  
The present study showed higher mRNA expression levels of Cd36 (Fig. 4G), 
which is involved in FA transport in intestinal epithelial cells of DHA rich oil-fed mice. 
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Cd36 is thought to be involved in regulating chylomicron production (43, 44). 
Interestingly, Cd36 knockout mice showed both fasting and postprandial hyperlipidemia 
and have been used as a model of postprandial hyperlipidemia (45). A recent study 
showed that Cd36 critically regulates FA oxidation in skeletal muscle (46). Additionally, 
Cd36 is one of PPARα target genes (47). Therefore, an increase of Cd36 may contribute 
to reduction of postprandial hyperlipidemia via intestinal FA oxidation in DHA-rich 
oil-fed mice.  
In conclusion, we found that DHA directly reduced TG secretion from intestinal 
epithelial cells via activation of PPARα-induced FA oxidation, resulting in improving 
postprandial hyperlipidemia. The present work suggests that a dietary lipid such as 
DHA, which activates PPARα, is a promising factor to attenuate postprandial 
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It is well known that activation of peroxisome proliferator-activated receptor 
(PPAR)-α reduces plasma lipid levels at fasting. Recently, postprandial plasma lipid 
levels have been found to correlate more closely to cardiovascular diseases than fasting 
levels. However, the effects of PPARα activation in the small intestine, which is 
associated with postprandial lipid metabolism, and on postprandial hyperlipidemia have 
not been clarified. In this study, we examined the effects of PPARα activation on 
intestinal lipid metabolism and postprandial hyperlipidemia. In Caco-2 cells, 
Bezafibrate, a potent PPARα agonist, increased mRNA expression levels of fatty acid 
oxidation-related genes, such as acyl-CoA oxidase, carnitine-palmitoyl-transferase, and 
acyl-CoA synthase, and oxygen consumption rate (OCR). In addition, it reduced 
secretion of both triglyceride (TG) and apolipoprotein B (apoB) into the basolateral side. 
In vivo experiments revealed that feeding high-fat diet containing Bezafibrate increased 
mRNA expression levels of fatty acid oxidation-related genes, and production of CO2 
and acid soluble metabolites in intestinal epithelial cells. Moreover, Bezafibrate 
treatment decreased plasma TG and apoB levels after oral administration of olive oil in 
mice. These effects of Bezafibrate were not observed in PPARα knockout mice. These 
findings indicate that PPARα activation attenuates postprandial hyperlipidemia through 
enhancement of intestinal fatty acid oxidation, suggesting that intestinal lipid 
metabolism regulated by PPARα activity is a novel target of PPARα agonist for 







Postprandial hyperlipidemia is a risk factor for cardiovascular diseases. The small 
intestine is associated with postprandial lipid metabolism and expresses peroxisome 
proliferator-activated receptor-α (PPARα), which is a key regulator in the lipid 
metabolism of peripheral tissues such as the liver and skeletal muscle. It is well known 
that PPARα activation enhances fatty acid oxidation and decreases circulating lipid level. 
Recently, we have shown that Bezafibrate, a PPARα,agonist attenuates postprandial 
hyperlipidemia via enhancing intestinal fatty acid oxidation under physiological 
conditions. However, it was unknown whether the effects of PPARα activation on 
postprandial hyperlipidemia were also observed under obese conditions. Here, we found 
that Bezafibrate enhanced fatty acid oxidation in intestinal epithelial cells of obese 
diabetic KK-Ay mice. Bezafibrate treatment increased the mRNA expression levels of 
fatty acid oxidation-related genes, which are target genes of PPARα, and enhanced CO2 
production from [
14
C]-palmitic acid. Bezafibrate-treated mice showed attenuation of 
plasma triglyceride level after the oral administration of olive oil. Moreover, the effects 
of Bezafibrate on fatty acid oxidation were observed in only proximal intestinal 
epithelial cells. These findings suggest that PPARα activation attenuates postprandial 
hyperlipidemia via enhancement of fatty acid oxidation in proximal intestine of mice 
under obese conditions and proximal intestinal PPARα can be a target for prevention of 








It is known that peroxisome proliferator-activated receptor-α (PPARα), whose 
activation reduces hyperlipidemia, is highly expressed in intestinal epithelial cells. 
Docosahexaenoic acid (DHA) could improve postprandial hyperlipidemia, however, its 
relationship with intestinal PPARα activation is not revealed. In this study, we 
investigated whether DHA can affect postprandial hyperlipidemia by activating 
intestinal PPARα using Caco-2 cells and C57BL/6 mice. The genes involved in fatty 
acid (FA) oxidation and oxygen consumption rate were increased, and the secretion of 
triacylglyceride (TG) and apolipoprotein B (apoB) was decreased in DHA-treated 
Caco-2 cells. Additionally, intestinal FA oxidation was induced, and TG and apoB 
secretion from intestinal epithelial cells were reduced, resulting in the attenuation of 
plasma TG and apoB levels after oral administration of olive oil in DHA-rich oil-fed 
mice compared to control. However, no increase in genes involved in FA oxidation was 
observed in the liver. Furthermore, the effects of DHA on intestinal lipid secretion and 
postprandial hyperlipidemia were abolished in PPARα knockout mice. In conclusion, 
the present work suggests that DHA can inhibit the secretion of TG from intestinal 









The author would like to express my sincere gratitude to Dr. Teruo Kawada, Professor 
of Graduate School of Agriculture, Kyoto University, for his continuous supports, hearty 
encouragement and kindness throughout this study for 7 years. 
The author would like to thank Dr. Nobuyuki Takahashi, Assistant Professor of 
Graduate School of Agriculture, Kyoto University for his advice. 
The author would like to express my gratitude to the great teacher, Dr. Tsuyoshi Goto, 
Assistant Professor of Graduate School of Agriculture, Kyoto University for his 
meaningful discussion, helpful advices, a lot of kindness and great jokes. 
The author would like to express my deepest appreciation to Dr. Shan Lin for her 
helpful continuous supports, heartfelt encouragement, lovely smile and having precious 
time together.  
The author would like to express my gratitude to Dr. Tomoya Sakamoto for his 
invaluable advices, helpful suggestions and sincere kindness. 
The author would like to express my gratefulness to Dr. Haruya Takahashi for his 
meaningful discussion and sincere kindness. 
The author would like to thank specially to Ms. Mariko Hirata for her helpful 
supports, hearty kindness and pretty smiles.   
The author would like to thank the members of the laboratory of Molecular Function 
of Food, Graduate School of Agriculture, Kyoto University, for their supports and 
cheers.                                                    Rino Kimura 
80 
 
List of publications 
 
 
1. Kimura R, Takahashi N, Murota K, Yamada Y, Niiya S, Kanzaki N, Murakami Y, 
Moriyama T, Goto T, and Kawada T.  
Activation of peroxisome proliferator-activated receptor-α (PPARα) suppresses 
postprandial lipidemia through fatty acid oxidation in enterocytes 
Biochem Biophys Res Commun, 2011; 410:1-6. 
 
2. Kimura R, Takahashi N, Goto T, Murota K, and Kawada T. 
 Activation of peroxisome proliferator-activated receptor-α (PPARα) in proximal 
intestine improves postprandial lipidemia in obese diabetic KK-Ay mice 
Obesity Research & Clinical Practice, 2013; e353-e360. 
 
3. Kimura R, Takahashi N, Lin S, Goto T, Murota K, Nakata R, Inoue H, and Kawada 
T.  
DHA attenuates postprandial hyperlipidemia via activating PPARα in intestinal 
epithelial cells 
The Journal of Lipid Research, 2013; 54:3258-68. 
 
 
 
